Adhesively bonded joints of LaRCTM PETI-5, a phenylethynyl-terminated polyimide, with chromic acid anodized titanium were fabricated and debonded interracially. The adhesive-substrate failure surfaces were investigated using several surface analysis techniques. From Auger spectroscopy, field emission scanning electron microscopy, and atomic force microscopy studies, polymer appears to be penetrating the pores of the anodized substrate to a depth of approximately 100 nm. From x-ray photoelectron spectroscopy data, the polymer penetrating the pores appears to be in electrical contact with the titanium substrate, leading to differential charging. These analyses confirm that the polymer is becoming mechanically interlocked within the substrate surface.
current study is 5,000 g/mol. After an elevated temperature cure, the lightly crosslinked, amorphous polyimide has a glass transition temperature of 260"C. The potential for use of PETI-5 in the aerospace industry has prompted numerous investigations of the durability of these adhesive joints with Ti-6Al-4V,12' 'G'17an alloy of 90% titanium, 6% aluminum, and 4% vanadium.
The objective of the current study is to determine whether PETI-5 adhesive is penetrating the pores of the anodized titanium substrate during processing. Although previous studies of polyamides bonded to anodized substrates have stated the assumption that the adhesive is penetrating the pores of the substrate,'8 direct evidence of penetration has not been previously reported. Filbey and Wightman19 found that an epoxy penetrated the pores of CAA Ti-6Al-4V, one of the limited number of pore penetration studies that have been reported. 19 ' polyamides the higher 20 The difference in the chemistry and molecular structure of epoxies versus prevent one from assuming their penetration behavior will be similar. In fact, molecular weight and more rigid backbone structure of polyamides would render them less able to penetrate nanometer-scale pores than epoxies. Here, the penetration of PETI-5 into the pores of CAA Ti-6Al-4V is investigated using several surface analysis techniques.
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Following degreasing of the substrates, they were anodized in chromic acid at 5.0 V and 0.2 amps for 20 minutes. After drying in a 60°C oven, the PETI-5 coupons were primed using a 16% solids solution of PETI-5 arnic acid in NMP. The primed coupons were dried at 225°C for 1 hour.
Adhesive Specimens
Notched coating adhesion (NCA) specimens21'22 of PETI-5 bonded to CAA Ti-6Al-4V
were analyzed for the current study. NCA specimens were selected to achieve interracial failure, along with reasons that are outside of the scope of the current discussion.23
Specimens were manufactured in an autoclave under vacuum using a bonding pressure of 690 kpa at 350°C for 30 minutes and 371°C for 30 minutes. Two plies of adhesive in scrim cloth were used, and bondlines were controlled to 0.25 mm. Figure 2 illustrates an NCA specimen during debonding of the adhesive from the substrate. To debond the specimens along the adhesive/substrate interface, an initial cut was made between the adhesive and substrate of the NCA specimens by driving a razor blade into the interface. Specimens were then placed in a hand-held three-point-bend fixture and bent so that the adhesive coating was in tension. The razor-induced debond propagated to form a sharp-tipped debond between adhesive and substrate. Following initiation of the pre-crack, specimens were fully debonded by gripping the substrate in an
Instron test frame and pulling the specimens in tension at a strain rate of 2.5 mm/min.
This was accomplished on a 9 kN Instron test frame equipped with a System 4000 data acquisition system. , ,
Characterization

Optical Microscopy
Optical micrographs of failure surfaces were obtained using an Olympus BH-2 optical microscope. All failure surfaces, adhesive and metal failure sides, were analyzed.
Auger Electron Spectroscopy
Depth profiling was performed on a Perkin-Elmer model 610 scanning Auger system using a single pass cylindrical mirror analyzer with electron excitation from a coaxial electron gun. The minimum electron beam diameter is less than 100 nm. The sputter rate was calibrated using a tantalum standard. AES was performed on the metal failure surface of three debonded specimens.
Field Emission Scanning Electron Microscopy
FE-SEM was performed on a LEO model 1550 Field Emission Scanning Electron
Microscope at 0.25 to 2.0 kV. The adhesive and titanium failure surfaces of three debonded specimens were analyzed. Samples were not sputter-coated, and no charging was observed.
Atomic Force Microscopy
A Digital Instruments Dimension 3000 Atomic Force Microscope using the Nanoscope LIIa controller was used in tapping mode to obtain height and phase AFM images. The adhesive and metal failure surfaces of three specimens were analyzed. 
RESULTS AND DISCUSSION
Before looking for experimental evidence of pore penetration, we assessed if it is possible for PETI-5 polymer molecules to penetrate the porous oxide layer of CAA titanium. nm, respectively. The diameter of the coiled polymer chain conformation, therefore, is less than the diameter of the substrate pores. Thus, it is reasonable to assume that PETI-5 arnic acid can penetrate the pores of the CAA substrate.
!
Optical Microscopy
Titanium was observed by optical microscopy on the adhesive failure surfaces of PETI-5 NCA specimens. In Figure 4 , the adhesive and metal failure surfaces of a PETI-5 specimen are shown. These micrographs were taken in tie same spot on corresponding adhesive and metal failure surfaces. Since high-quality color rnicrographs were not available, the original black and white micrographs were colorized to reproduce the colors that were actually observed using the optical microscope. On both failure surfaces, 
Auger Electron Spectroscopy
Auger depth profiling of a PETI-5 metal failure surface, Figure 5 , illustrates that carbon and titanium coexist in the top 75 to 100 nm of the failure surface. While this does imply the presence of polyimide at this depth, Auger data alone cannot be interpreted as confirmation of mechanically interlocked polymer. Auger spectroscopy cannot distinguish between carbon as polyimide and carbon that may be present as a contaminant. However, if we tentatively assume that the presence of carbon represents polymer, we can construct a simple model of the interracial region. Beyond the depth at which carbon is detected, oxygen (indicative of metal oxide) is present through an additional 50 nm. Deeper than this, only titanium and aluminum are detected. Thus, the polymer does not appear to penetrate the entire thickness of the titanium oxide layer. The validity of this interpretation of the Auger data can now be examined using additional surface analysis techniques. The model interphase is illustrated in Figure 6 . The region in which adhesive and metal oxide are assumed to be present will be referred to as oxide A and the area in which there is only metal oxide is referenced as oxide B.
Scanning Electron Microscopy
Field emission SEM was performed on the adhesive and metal failure surfaces of PETI-5 NCA specimens. Here, it appears that the failure occurred at the interface of the porous and nonporous oxides.
In Figure 9 , the edge of a porous oxide/polyimide region can be seen in another FE-SENI of a metal failure surface. This rnicrograph illustrates the sponge-like morphology through the thickness of the oxide layer. One can also see, from the scale of this micrograph, that the thickness of the oxide/polyirnide layer is on the order of 100 nm, in agreement with the Auger depth profiling data.
Additional features are observed in FE-SEMS of adhesive failure surfaces. Figure 10 is an FE-SEM of an adhesive failure surface. The dark region at the top of this micrograph corresponds to the dark brown adhesive observed by optical microscopy, Figure 4 (a), while the lighter region on the bottom corresponds to the light gray metal oxide. Across the top of this micrograph, the ductility of the polymer is evident by the drawing and fibrillation that occurred as the failure propagated from the right to the left of this micrograph. In the lower half of the micrograph, the titanium failure region is observed.
On this metal oxide surface, round features of two sizes can be seen. These features are enlarged in Figure 11 . The larger features are irregular in shape and range from 150 to
anodized titanium surface in Figure 3 ". Thus, we believe themselves or polymer that has been pulled from the pores on these are either the pores the metal failure surface.
Atomic Force Microscopy
Based on FE-SEM observations, atomic force microscopy was used to determine if these features were raised (polymer) or indented (pores). The larger features are believed to be the result of the failure propagating through the walls of several pores in close proximity.
AFM images of the titanium failure surface and the adhesive failure surface are shown in Figure 12 and Figure 13 , respectively. In the AFM height images, on the left in each figure, lighter shades correspond to higher features. In Figure 12 , the metal failure surface, the dark background is exposed oxide.
The diagonal strip of lighter color is the anodized oxide layer (i.e. the blue region of Additional information is obtained from the AFM phase images. Darker regions of the phase image indicate a higher phase lag that, in general, means dark areas are softer than light areas. The diagonal strip on the metal failure surface, Figure 12 , is both higher and softer than the surrounding area. If there were no polymer embedded in the porous oxide, it would not be softer than the surrounding metal oxide. This again confirms that the substrate pores contain polyimide. All surface analysis data appears to validate the model in Figure 6 . Thus, it is concluded that PETI-5 is penetrating the pores of the CA4 substrate and becoming mechanically interlocked.
X-ray Photoelectron Spectroscopy
XPS analysis of adhesive failure surfaces conclusion that the polymer is imbedded in of PETI-5 NCA specimens supports the the pores of the titanium substrate surface. In the current example, the charging of the adhesive and metal oxide is non-uniform. In referencing the entire spectrum to the C 1s photopeak at 285.0 eV, we have corrected for the charging of the organic adhesive but have displaced the positions of the substrate elements by 2.5 eV. Ti 2p3j2 XPS photopeaks from the metal and adhesive failure surfaces of PETI-5 NCA specimens are given in Figure 14 , illustrating the shift caused by differential charging on the adhesive failure surface.
An additional effect, also believed to be caused by differential charging, is observed in the XPS data. The C 1s XPS photopeaks of the metal and adhesive failure surfaces are shown in Figure 15 . While both C 1s photopeaks have been resolved with four sub-peaks in approximately the same position, the peak at 287.0 eV on the adhesive failure surface is considerably larger than the corresponding peak on the metal failure surface. The peak position on the adhesive failure surface is also shifted to a slightly higher binding energy than that observed on the metal failure surface, 286.4 eV. Average binding energies for the four C 1s sub-peaks on the adhesive and metal failure surfaces are listed in Table 2 .
The peak at 286.4 eV is assigned to carbon single bonded to oxygen. An additional feature obscures the C-O peak on the adhesive failure surface. The peak at 286.9 eV is believed to arise from the C-H component of the PETI-5 adhesive that is embedded in the porous Ti02 substrate surface, the adhesive portion of oxide A. If the polymer is in electrical contact with the titanium, they are expected to undergo differential charging in unison.25 In Figure 16 , the shifted component of the C 1s photopeak is plotted as a function of atomic concentration of titanium. The percentage of the C 1s peak that is shifted to higher binding energy is proportional to the amount of titanium detected on the surface. The shifted component has been normalized by the total carbon concentration.
The R2 value of 0.88 indicates a strong linear fit, and the p-value of 0.017 indicates a 98.3% probability that the trend is significant. The relationship between the titanium detected on the surface and the amount of shifted carbon illustrates that the shifted carbon
originates from polymer embedded in the pores of the oxide. To further illustrate this point, the C 1s photopeaks of three adhesive failure surfaces are presented in Figure 17 along with the titanium coverage detected by XPS in the same sample. This clearly illustrates the decrease in the shifted portion of the C-H photopeak with decreasing titanium coverage. The charging component of the C-H peak, therefore, is attributed to polymer that is embedded in the porous oxide, or oxide A from the model discussed previously.
CONCLUSIONS
The interface of PETI-5 with CAA Ti-6Al-4V was investigated using several surface analysis techniques. From Auger spectroscopy, field emission SEM, and AFM studies, polymer is believed to be penetrating the pores of the anodized substrate to a depth of approximately 100 nm. From XPS data, this polymer appears to be in electrical contact with the titanium oxide, leading to differential charging. These analyses confirm that the polymer is becoming mechanically interlocked within the substrate surface.
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